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Abstract 
An effective application for hydrogen technologies at nuclear power plants is proposed, which improves the plant maneuverability during 
normal operation, and provides for in-house power supply during the plant blackout. The reliability of the NPP’s emergency power supply was 
assessed probabilistically for the plant blackout conditions with the simultaneous use of an auxiliary full-time operating steam turbine and the 
emergency power supply system channels with diesel generators. The proposed system with an additional steam turbine makes it possible to use 
the reactor core decay heat for the reactor shutdown for 72 h. During the blackout at a plant with several units, the additional steam turbine power 
required for the unit cool down is maintained by additional steam generated by the combustion of hydrogen in oxygen. It has been shown that the 
proposed flowchart with an auxiliary full-time operating small-power steam turbine installed at the NPP, combined with an integrated hydrogen 
facility, improves the reliability of the NPP in-house power supply during blackout accidents. 
Copyright © 2015, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by Elsevier 
B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Tntroduction 
The world has seen a large number of major system acci-
ents resulting in forced shutdown and blackout of generating
acilities. For nuclear power plants, this problem is becoming ex-
remely important in connection with the requirement to ensure
he reactor core cool down. Based on data from Atomenergo-
roekt Institute, it has been shown on the example of Balakovo
PP’s unit 4 that loss-of-power events contribute the greatest to
he potential reactor core damage frequency (51.4%). 
At present, in the event of the blackout, the NPP will change
ver to the reactor cool down mode with power supplied from
iesel generators [1] . In this case, the main circulation pumps
hut down, leading to a pressure increase in the secondary cir-
uit, actuation of BRU-As (fast-acting steam dump valves with
ischarge to the atmosphere) and of the steam generator relief
alves, and accordingly, to the steam release into the atmosphere.∗ Corresponding author. 
E-mail addresses: oepran@inbox.ru (R.Z. Aminov), urin1990777@bk.ru 
V.E. Yurin). 
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452-3038/Copyright © 2015, National Research Nuclear University MEPhI (Mosco
his is an open access article under the CC BY-NC-ND license ( http://creativecommTo exclude the fluid loss through the secondary circuit re-
ief valves and to avoid the negative effects it might entail, the
referred option is to cool down the reactor in the standard mode
ithout the BRU-A actuation, i.e. to keep the circulation pump in
peration and to discharge a portion of the steam not spent in the
uxiliary turbine to the condenser through BRU-Ks (fast-acting
team dump valves with discharge to the turbine condenser). 
heoretical part 
During loss of power, one of the ways to cool down the reactor
n the standard mode is to cool it down with in-house power
upplied from the auxiliary turbine plant, which operates on the
team generated thanks to decay heat and the energy from the
ombustion of hydrogen in oxygen [2] . 
To improve the efficiency of the full-time operating auxiliary
urbine, this paper considers a flowchart with the accumulation
f unspent electric energy in the form of hydrogen and oxygen in
he nighttime off-peak load hours and the use of this energy for
uperheating the steam coming to the secondary turbine during
eak hours. In this case, the auxiliary turbine and the hydrogen
acilities might be deployed off-site. A possible flowchart forw Engineering Physics Institute). Production and hosting by Elsevier B.V. 
ons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Flowchart for the plant backup with improving the NPP maneuverability 
using an auxiliary steam-turbine plant: 1, 2 – steam turbine’s high- and low- 
pressure cylinders, respectively; 3 – separator; 4 – intermediate steam-to-steam 
superheater; 5 – electric generators; 6 – condensers; 7 – steam distribution device; 
8 – auxiliary steam-turbine plant; 9 – auxiliary steam-turbine plant’s generator; 
10 – gate valve; 11 – cut-off valve; 12 – two-stage combustion chamber with 
water-steam cooling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Diagram for an approximate estimate of decay heat after shutdown of 
the nuclear facility. 
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a  implementing the above approach for a power unit of a wet-
steam NPP is shown in Fig. 1. 
An additional amount of steam needed for the operation of
the auxiliary turbine plant can be obtained by increasing the
reactor power, as the result of which the capacity of the high-
pressure cylinder will increase, and the low-pressure cylinder
will avoid overloading through a portion of the steam being fed
to the auxiliary steam turbine after intermediate superheating. 
The auxiliary steam-turbine plant is continuously in opera-
tion, i.e. in the daytime it is used for peak electric energy produc-
tion and in the nighttime it has its load reduced to the minimum.
In an emergency, caused, for example, by a loss of power, the
auxiliary turbine continues to be fed with the steam generated
by decay heat. As its amount goes down, the combustion cham-
ber starts to be fed with accumulated hydrogen and oxygen and
injected with ballast water, which results in the formation of the
steam amount required for power maintenance. 
After its shutdown, any reactor will have heat release tak-
ing place therein due to the absorption of the fission fragment
radioactive transformation products (beta-particles and gamma-
quanta). This is traditionally referred to as decay heat. The vari-
ation in the decay heat power depending on these processes for
VVER-1000, as calculated using the Way-Wigner formula [3] ,
is shown in Fig. 2. 
At the initial stage of the cool down, natural convection is
maintained in the primary circuit by means of the heat removal
through the steam generator (at a rate of not more than 15 °Cer hour). At the same time, the required portion of the steam
enerated by the reactor core decay heat is fed to the steam
urbine from the steam generating device. The rest of the steam
s discharged to the condenser through the BRU-Ks. 
Four power units require at least two steam turbines (one for
he first and one for the third or one for the second and one
or the fourth unit depending on the refueling sequence). We
hall consider the worst-case scenario when one of the auxil-
ary steam-turbine plants is out for repair, while all units are in
peration, and the four units are cooled down by means of one
uxiliary turbine using the decay heat from one reactor; all of the
team generated in the remaining three turbines is discharged to
he condenser through the BRU-Ks. The pressure at the turbine
nlet is maintained equal to the standard pressure by means of
he BRUs. 
Decay heat from one VVER-1000 reactor is enough for the
uxiliary turbine plant to generate the electric energy required
or cooling down one unit for 72 hours. In the event of two
ower units, the decay heat from one reactor will suffice for
ight hours. For four power units, this time decreases to approx-
mately one hour. During this period, the two-stage hydrogen
ombustion chamber with water-steam cooling is rendered op-
rational. In the next two hours the hydrogen combustion cham-
er operates only for superheating the live steam produced in
he main steam generator. Further on, live steam stops to be suf-
cient for the required power production, and for up to eight
ours after the accidents starts, the hydrogen combustion cham-
er operates with the purpose of generating the deficient amount
f steam (through the ballast water injection into the combustion
hamber) and superheating the live steam from the main steam
enerator. After eight hours from the start of the accident, the hy-
rogen combustion chamber starts to operate as an independent
team generator, and the steam produced in the main steam gen-
rator is discharged to the condenser through the BRU-Ks. After
bout 10 hours from the start of the accident, the primary coolant
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Table 1 
Key indicators of decay heat, the auxiliary turbine plant and loads during cool down of four power units (decay heat from one reactor is used). 
Cool down 
time, T CT 
Decay heat 
power, MW 
(from H) 
Total flow rate of 
steam generated in 
SGs of units 1–4, 
kg/s 
Flow rate of 
steam generated 
in SG of unit 1, 
kg/s 
Steam flow rate 
to STP, kg/s 
Efficiency ratio 
of turbine 
Flow rate of 
high-temperature 
steam generated in 
hydrogen SG, kg/s 
Emergency 
feedwater pump 
efficiency 
Emergency 
feedwater pump 
capacity, N FWP , 
MW 
Circulation 
pump capacity, 
N CP , MW 
LP ECCS pump 
capacity, N LP , 
MW 
LP ECCS 
service water 
pumps, capacity, 
N ser.w , MW 
H 2 flow 
rate, kg/s 
Total required 
power, including 
lighting and 
I&C, N t ot , MW 
14 s 460.1 179.8 45.0 16.48 0.76 – 0.75 1.872 8.628 – – – 10.661 
1 min 343.9 128.9 32.2 15.43 0.76 – 0.62 0.897 8.628 – – – 9.685 
30 min 174.2 65.2 16.3 15.04 0.76 – 0.45 0.548 8.628 – – – 9.336 
1 h 151.6 56.8 14.2 12.02 0.75 0.48 0.41 0.501 8.628 – – 0.06 9.289 
2 h 132.0 49.4 12.4 11.88 0.75 0.48 0.41 0.367 8.628 – – 0.06 9.155 
4 h 114.9 43.2 10.8 11.70 0.75 0.70 0.40 0.181 8.628 – – 0.09 8.969 
6 h 106.0 40.1 10.0 11.66 0.74 0.90 0.40 0.094 8.628 – – 0.11 8.882 
8 h 100.0 – – 11.61 0.74 2.79 0.38 0.036 8.628 – – 0.35 8.824 
10 h 95.7 – – 6.92 0.74 1.66 0.37 0.027 2.157 1.424 0.791 0.21 4.559 
12 h 92.3 – – 7.71 0.64 1.85 0.30 0.030 2.157 1.796 0.984 0.23 5.127 
14 h 89.5 – – 8.48 0.65 2.04 0.31 0.032 2.157 2.168 1.162 0.26 5.694 
16 h 87.1 – – 8.68 0.66 2.09 0.32 0.032 2.157 2.323 0.26 5.849 
18 h 85.1 – – 8.68 0.66 2.09 0.32 0.032 2.157 2.323 0.26 5.849 
20 h 83.3 – – 8.68 0.66 2.09 0.32 0.032 2.157 2.323 0.26 5.849 
22 h 81.7 – – 8.68 0.66 2.09 0.32 0.032 2.157 2.323 0.26 5.849 
24 h 80.3 – – 8.68 0.66 2.09 0.32 0.032 2.157 2.323 0.26 5.849 
36 h 74.1 – – 8.68 0.66 2.09 0.32 0.032 2.157 2.323 0.26 5.849 
48 h 69.9 – – 8.68 0.66 2.09 0.32 0.032 2.157 2.323 0.26 5.849 
72 h 64.5 – – 8.68 0.66 2.09 0.32 0.032 2.157 2.323 0.26 5.849 
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Fig. 3. Two-stage combustion chamber with steam-water cooling: 1 – hydrogen- 
oxygen combustion chamber for initial nonstoichiometric oxidation; 2 – igniter; 
3 – hydrogen-oxygen afterburning chamber for stoichiometric oxidation; 4 –
hydrogen supply lines to the hydrogen-oxygen afterburning chamber 3; 5 –
chamber for mixing high-temperature steam by live steam; 6 – ballast water 
supply lines to injectors; 7 – injectors for ballast water injection to hydrogen- 
oxygen afterburning chamber. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 
Results of a probabilistic analysis of the in-house power supply systems of one 
NPP unit in the case of blackout. 
NPP in-house power supply 
backup system 
Total failure frequency of the 
NPP in-house power supply 
backup system, 1/react. •year 
Three channels of the emergency 
power with three DGs 
2.45 × 10 −4 
Three channels of the emergency 
power supply system with three 
DGs + STP 
6.24 × 10 −7 
Fig. 4. State graph for an in-house power supply backup system with three 
EPS channels with DGs and STPs: 0 – no failure in communication with sys- 
tem; 1 STP – loss of external power supply, functions are performed by STP; 
1 – failure of STP, functions are performed by one of three EPS channels with 
DGs; 2 – failure of 1st channel, functions are performed by 2nd EPS channel with 
DGs; 3 – failure of 2nd channel, functions are performed by 3rd EPS channel 
with DGs; 4 – failure of all backup channels with loss of power supply. 
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 temperature decreases to below 150 °C, and the low-pressure
emergency core cooling system (LP ECCS) is actuated. The fol-
lowing LP ECCS pumps start to operate: the TsNR-800-230
emergency cool down pump and the TsVA 1350-35 emergency
service water pump (service water is used to remove heat from
the ECCS heat exchanger). And the emergency feedwater pump
and the circulation pump continue to operate only at the power
unit at which the hydrogen combustion chamber and the aux-
iliary turbine plant are deployed, while such pumps are off at
the other units. The main equipment performance is given in
Table 1. 
The amount of hydrogen needed to cool down all four reactors
in 72 hours under the conditions assumed was 64 t. 
Operation of the steam-water superheater with steam-water
cooling [4] shown in Fig. 3 is considered separately. The use of
the hydrogen combustion system with hydrogen-oxygen steam
control provides for effective steam-hydrogen superheating of
live steam. This is achieved by the combustion chamber cooling
by live steam, which prevents the loss of a great amount of heat
required to change the phase state of the ballast water. Further-
more, there is no salt deposit formation inside of the combustion
chamber circuit in this case. 
To estimate the probability of the reactor core damage, we
shall plot a state graph ( Fig. 4 ). With the failure rate values (1/h)
for a DG, a system, a channel and a steam-turbine plant assumed
to be λDG = 3.0 × 10 −3 , λs = 1.44 × 10 −5 , λch = 5.0 × 10 −4 [5] ,
and λSTP = 8.0 × 10 −5 , respectively [6] ; the recovery rate values
(1/h) for these to be μDG = 0.063, μs = 0.064, μch = 0.15 [5] , and
μSTP = 0.01 [6] ; and the probability of the diesel generator start-
up to be Р st = 98% (rated values), one can determine the final
failure rates for the base and the author-proposed NPP in-house
power supply backup systems ( Table 2 ) using the procedure for
estimating the reliability of the NPP in-house power supply [7]
( Fig. 3 ). As can be seen from the table, combined use of an auxiliary
ull-time operating backup power source with a three-channel
PS with DGs provides for an increase in the reliability of the
PP in-house power supply by nearly three orders of magnitude
s compared to traditional backup through three EPS channels
ith DGs. 
onclusions 
1. The proposed flowchart with a full-time operating small-
power auxiliary steam turbine combined with an inte-
grated hydrogen facility deployed at the NPP provides
for increased reliability of in-house power supply dur-
ing blackouts, greater flexibility of the NPP units in the
standard operation mode and extra on-peak and off-peak
power supplies to the power grid from the NPP, as well as
for the capability of the NPP operation without a nighttime
load decrease. 
R.Z. Aminov, V.E. Yurin / Nuclear Energy and Technology 1 (2015) 77–81 81 
 
 
 
 
 
 
 
 
 
 
A
 
R
R
[
[  
 
 
 
[  
 
[  
 
 
[
[  
 
[  
 
 2. Cool down based on an auxiliary steam turbine allows
using the reactor decay heat for generation of electric en-
ergy. With the appropriate selection of the auxiliary turbine
power, the decay heat from one reactor may be sufficient
for its cool down with no extra power supply for 72 hours.
The decay heat power from one reactor is enough to cool
down four power units for 1 h. Further on, live steam is
superheated and extra steam is generated through the com-
bustion of hydrogen in oxygen, thus ensuring the main-
tenance of such auxiliary turbine plant power as required
for the NPP in-house power supply. 
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